Introduction
The shape of woody plants results from the spatial distribution of branches and shoots. This spatial pattern is probably a direct consequence of bud break patterns and subsequent shoot growth. Most trees exhibit acrotonic gradients of bud break, resulting in slim shape unlike bushes which are shaped by basitonic bud break patterns (Barnola and Crabbe 1991) . Bud break pattern is genetically controlled at the species and cultivar levels (Brunel 2001 , Brunel et al. 2002 . It is also controlled by environmental factors, particularly temperature , Cook and Jacobs 1999 , Leite et al. 2004 . Abnormal shape resulting from erratic bud break has often been described for temperate fruit trees under warm winter climates (Dennis 1987) . Water (McIntyre 1987) , growth regulators such as cytokinin (Cook et al. 2001 ), a putative 'axis factor' (Meng Horn et al. 1975) and early trophic competition between buds (Mauget and Rageau 1988) have all been proposed as possible causes of gradients. Nevertheless, the mechanisms underlying the precedence of some buds over others remain largely unknown.
Bud break requires carbon supply for metabolic reactivation and leaf primordial growth. Although carbohydrate reserves are generally non-limiting at the whole tree level (Lacointe et al. 1993, 1995 and references therein) , there is no evidence that such limitation does not occur at bud or tissue level, so that carbohydrate availability has been considered as possibly critical to bud break , Maurel et al. 2004a , 2004b . Local reserves could be located within the bud itself or in the neighboring tissues of the stem. Very few studies have addressed bud sugar content in relation to bud break gradient, i.e., bud position along the stem, or within the bud itself , Bonicel and Vercosa de Medeiros Raposa 1990 , Brunel 2001 , Bonhomme et al. 2005 . Moing et al. (1994) found higher sugar content in basal buds of prune stems, Brunel (2001) found a higher sucrose content and lower hexose content in basal buds of apple, while Leite et al. (2004) did not observe any differences in peach.
If the carbohydrates used for bud break are stored far away in the stem, they have to be transported from the source tissue to the bud. It is generally accepted that phloem circulation is blocked during winter (Aloni 1991, Aloni and Peterson 1997) so that the carbohydrate supply of buds will depend on the nutrients transported in the xylem sap (Sauter 1980 , especially sugars Ambrosius 1986, Ameglio et al. 2000) . The composition of the xylem sap changes during both the growing season (Tromp and Ovaa 1990 , Millard et al. 1998 , Siebrecht et al. 2003 , Guerin et al. 2007 ) and in winter and early spring, particularly for carbohydrates (Sauter 1980 , Young 1989 , Maurel et al. 2004a ). In peach, Maurel et al. (2004b) found a decreasing concentration of sucrose and sorbitol during winter and an increase in glucose and fructose just before bud break. These carbohydrates could be the source of energy for growth resumption. But, it is also generally thought that the vascular connections between buds and stem develop late and become functional late in spring, at bud growth reactivation (Aloni 1987) . Supporting this postulate, vascular water flows to the primordia are not observed until shortly before bud break, at least in apricot (Bartolini and Giorgelli 1994) and peach (Bonhomme et al. 2005) .
We are aware of only one investigation of fluxes from stem to buds in natural conditions, which did not include characterization of the pathway (Kelner et al. 1993) . In controlled temperature conditions, Ameglio et al. (2001) , Decourteix et al. (2006) and Alves et al. (2007) showed carbohydrate influx from walnut stem xylem vessels to the parenchyma cells to involve an active component. More recently, Decourteix et al. (2008) demonstrated the expression of an active hexose transporter (JrHT) in xylem parenchyma cells of walnut shortly before bud break.
Thus, transport pathways and mechanism have to be clarified to test two main hypotheses that remain to explain the bud break heterogeneity along the stem: (i) differential carbon availability within the bud itself and in the nearby stem tissues and (ii) differential sugar uptake capacity of buds.
Accordingly, the aims of this work were (i) to quantify the carbon availability in the tissues and follow the dynamics of the sugar contents in xylem, bark and buds from the apical and basal parts of walnut stems, (ii) to track the sucrose and glucose import to the dormant and reactivating bud by quantifying the sugar fluxes from the xylem vessels to the buds at different dates in winter and spring and (iii) to investigate the effect of temperatures on flow intensity and on the active part of the transport and to determine whether the bud break pattern was related to the intensity of carbohydrate fluxes from xylem to buds along the shoot. These three points were addressed in two successive independent experiments as (ii) and (iii) emerged from the results of (i).
Materials and methods

Plant material
Two experiments (Experiments 1 and 2) were carried out. The first was to measure sugar contents in buds and stem. The second experiment was to measure the fluxes between the stem, specifically the xylem, and the buds. For both experiments, we used two independent sets of 10 potted walnut trees (cv Franquette), aged 5years at the beginning of each experiment. They were planted in 80-l containers filled with a mixed peat soil at INRA 3°E) . At the beginning of autumn, they were transferred into a cold greenhouse maintained above 0°C to prevent frost and subsequent winter embolism (Ameglio et al. 1995) .
Sugar content
In the first experiment (1999) (2000) , we measured carbohydrate concentrations in buds, xylem and bark from three 1-m-long stems sampled on three different trees (i.e., one stem per tree). An apical fragment of 30-cm length was cut at~15 cm below the terminal bud; a 30-cm basal fragment was cut from the basal part of the stem. Sampling dates were 1 November, 1 December, 20 February, 8 April, 21 April and 27 April (bud break). Buds, xylem and bark tissues were frozen in liquid nitrogen, freeze-dried and kept at −80°C until assayed. Sugars and starch were extracted from ca 10 mg of powder by a method derived from Moing et al. (1992) with hot ethanol:water (80:20 v/v at 80°C). We partially purified the extracts on activated charcoal (Serlabo: Charbon DAR-GO G60) and polyvinylpolypyrrolidone (PVPP Sigma) to eliminate polyphenols. Soluble extracts were desiccated and then dissolved in ultra-pure water for enzymatic assays of sucrose, glucose and fructose as absorbance at 340 nm (Boehringer 1984) with a hexokinase, glucose-6-phosphate linked assay (Kunst et al. 1984 ) on a Uvikon 940 spectrophotometer (Kontron). We expressed the results as glucose-, fructoseand sucrose-specific contents (mg/g DW). From the pellet obtained after soluble sugar extraction, we quantified starch content as glucose equivalent after hydrolysis with amyloglucosidase (Boehringer 1984) . Three replicates (tissues from three independent stems) were carried out.
Phenology and bud growth
In Experiment 2, we characterized bud growth progress using the phenological scale of Germain et al. (1973 . Observations and dry weight measurement were made between autumn 2004 and spring 2005 at four successive periods based on the dynamics of endodormancy release as described by Mauget (1977 Mauget ( , 1987 : -Early December (endodormancy) -Early March (endodormancy released, ecodormancy) -End of April (~10 days before phenological stage C1).
Stage C1 illustrated in Figure 2 corresponds to the emergence of young leaves between scales, i.e., bud break. -Mid-May (just after bud break, phenological stage C2-D1). As usually observed in this species, the basal part of the stem exhibited a low bud break rate of ca 20% (against 90% for the apical buds). The results for the basal buds in May apply to those 20% that broke, as the aim was to compare apical versus basal buds at the same stage (C2-D1), just after bud break.
At the end of the percolation process (see Sugar influx section), buds (and other tissues) were frozen in liquid nitrogen and freeze-dried. They were subsequently weighed to derive bud growth rates during the experimental period, then ground prior to radiolabel extraction and counting.
Sugar influx
In the second experiment, as active transport is inhibited by low temperature (Sauter 1982 , Alves et al. 2001b , the sucrose and glucose influx rates were measured at two temperatures: 15°C for the measurement of the total influx and 1°C for the passive influx when possible (i.e., in March and April). Active uptake was estimated as the difference between influx at 15°C and influx at 1°C.
For each stem, two 30-cm-long fragments were sampled, one in the apical and the other in the basal part. Both fragment ends were protected from dehydration by Parafilm® and placed in a plastic bag with a saturated atmosphere from moistened absorbent paper. The fragments were pre-conditioned for 48 h in a climatic chamber (Liebherr Profiline) at either 1 ± 1 or 15 ± 1°C to prevent any thermal shock effect during the experiment. The apical and basal parts of the stem were then cut into 5-cm-long sections, keeping one bud per section, and placed in a climatic chamber (Liebherr Profiline, at 1 or 15°C) equipped with the experimental device (see Figure 1 ). This system allowed parallel measurements on six single-budded sections using the percolation method widely used by us (Alves et al. 2001a , Valentin et al. 2001 , Decourteix et al. 2006 , Decourteix et al. 2008 ) with 14 C-labeled sugars. In this way, three apical and three basal buds of the same stem could be analyzed in 1 day, so that in 1 week (5 days) we could measure 15 apical buds and 15 basal buds (three buds per zone × five stems) for each sugar and temperature level. However, due to technical problems (leakage and subsequent contamination), between six (two buds per zone × three stems as in May) and 15 (three buds per zone × five stems) measurements of influx were actually performed and used to calculate mean influx rates. Influx rate measurements were scheduled as shown in Table 1 . In December and May, experiments were carried out only at 15°C: in December because we conducted some experiments to determine the time needed for the apoplasmic diffusion of sugars and in May because there were not enough buds at the same phenological stage for a long period because of the high rate of bud development.
As shown in Figure 1 , 0.5 cm of bark was stripped from each end of the stem section, and this part was covered with The 5-cm-long stem fragment was placed upper part down to mimic the natural xylem sap circulation as a result of water potential gradient. Bark (0.5 cm) was stripped from each end of the stem section, and this part was covered with Parafilm® to avoid phloem contamination and allow water tightness. The solutions were introduced through the side-arm (A) and fed into the stem fragment by nitrogen gas at low pressure (0.2 MPa). The percolated solutions were collected for radioactivity counting.
Parafilm® to avoid phloem contamination and provide water tightness. The stem fragment was placed upper part down to mimic the natural xylem sap circulation as a result of the water potential gradient ( Figure 1 ). The solutions were introduced through the side-arm (A) and fed into the stem fragment under a low pressure of nitrogen gas (0.2 MPa). We collected the percolated solutions in a tube for radioactivity counting.
As we wanted to measure the influx into the living cells, we used a double-labeling technique with 3 H-mannitol-14 Csucrose (or 14 C-glucose). As mannitol diffuses only in the apoplasm and assuming that mannitol, sucrose and glucose diffuse in the apoplasm at the same rates (Marquat et al. 1999) , we could assume that Week 4 n = 13 n = 11 n = 14 n = 13 n = 13 n = 11 n = 13 n = 11 April Weeks 2-3 even days Weeks 4-5 odd days n = 12 n = 9 n = 11 n = 9 n = 12 n = 9 n = 11 n = 9 May Week 2 nm Week 2 nm Week 2 nm Week 2 nm n = 6 n = 6 n = 6 n = 6 Germain et al. 1973 Germain et al. , 1999 . BB, bud break. Bars represent the standard error, n = 6-15.
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The xylem vessels were first rinsed with 3 ml of an unbuffered saline solution (KCl 1 mM, NaCl 1 mM, CaCl 2 0.2 mM) adjusted to pH 6.0. Then, 0.5 ml of the same saline solution, plus 200 mM mannitol labeled with 400 kBeq/ml 3 H-mannitol and 10 mM sucrose labeled with 70 kBeq/ml 14 C-sucrose (or 10 mM glucose labeled with 70 kBeq/ml 14 C-glucose), was placed in the vessels for 0.5 h.
The vessels were rinsed with an equivalent cold solution (200 mM mannitol and 10 mM sucrose or glucose). After 8 h (duration found in a previous experiment to be sufficient for apoplasmic diffusion of sugars), the vessels were emptied with nitrogen gas under pressure. The different tissues (xylem, bark and bud) were separated and immediately placed in liquid nitrogen and stored at −20°C. The tissues were freeze-dried. Bark and xylem were ground with a centrifuge grinder (IKA Labortechnik, A10), and buds were ground in liquid nitrogen.
For bark and xylem, soluble sugars were extracted from 40 mg of powder by alcohol extraction at 80°C (Moing et al. 1992 , Bonhomme 1998 . For the buds, the total powder was used (from 10 to 120 mg, depending on date and bud position). Extracts were dried and dissolved in 1 ml of ultra-pure water. Radioactivity was counted in a liquid scintillation cocktail (Ultimagold, Perkin-Elmer France), and the values were expressed in micrograms of sugar per hour per gram dry weight.
Statistics
Means and standard errors were calculated for each date, temperature, sugar type and position on the branch. Influence of temperature, date and position was tested with ANOVA by rank, with a Duncan test at 5% threshold using Statgraphics software (Statistical Graphics Corporation and STSC, Inc).
Results
Bud growth
From December to March in Experiment 2, no significant change was observed in bud dry weight (Figure 2 ). The bud dry weight (DW) was higher in the apical part of the stem than in the basal part. From March to April (10 days before bud break), a significant increase in DW was measured in the apical buds but not in the basal ones. In May, the few broken basal buds reached a DW not statistically different from the DW of apical buds at the same phenological stage.
Carbohydrate contents
The dynamics of carbohydrate contents measured in Experiment 1 are given in Figure 3 . In the stem tissues of the apical part of the stem, sucrose-specific content increased between the beginning of winter and February and then decreased until bud break. The dynamics were similar in xylem and bark. For the buds, sucrose content increased only in February. Hexoses increased between November and February in all tissues and then decreased continuously in xylem and bark until bud break but strongly increased again in buds at bud break. Starch was hydrolyzed during endodormancy and then temporally resynthesized in all tissues before being used for bud break (at the latest date of observation). In the basal part of the stem, where buds did not break, sucrose dynamics were close to those observed in the apical part (increase then decrease after February) in buds and bark but decreased continuously in xylem. For hexoses, the strong increase observed in the apical part at the end of April was not observed, and starch did not resynthesize in buds but only in xylem and bark.
Sugar influx
Sucrose influx in the apical part At 15°C, the influx rate into the buds measured in Experiment 2 was nil in December (<0.08 µg h −1 g DW −1 ) and very low in March (~5 µg h
) ( Figure 4A ). It then reached high values in April (500 µg h −1 g DW −1 ). Fifteen days later, the influx had increased fourfold in the apical buds.
In xylem parenchyma cells, the sucrose influx did not change between December and March in the apical part of the stem. The values remained close to 40 µg sucrose h −1 g DW −1 ( Figure 4C ). In April, the influx increased strongly from 40 to 85 µg sucrose h −1 g DW −1 and reached 100 µg sucrose h −1 g DW −1 in May.
Bark cells exhibited the lowest influx rate of the three tissues, and the dynamics were different from those in buds and xylem ( Figure 4E ). The influx increased significantly from 20 to~35 µg sucrose h −1 g DW −1 from March to May.
At 1°C, in the apical buds, the sucrose influx rate was very low in March and increased very significantly up to 250 µg h −1 g DW −1 in April ( Figure 4A ). The sucrose influx was lower at 1°C than at 15°C in March (4.9 µg sucrose h −1 g DW −1 at 15°C, 0.9 µg sucrose h −1 g DW −1 at 1°C) and April (500 µg sucrose h −1 g DW −1 at 15°C, 250 µg sucrose h −1 g DW −1 at 1°C).
In the xylem parenchyma cells, the sucrose influx rate was strongly reduced at 1°C compared with 15°C in March and in April (90 µg sucrose h −1 g DW −1 at 15°C, 4 µg sucrose h −1 g DW −1 at 1°C; Figure 4C ).
In the bark cells, like in xylem tissues, the 1°C temperature strongly decreased the sucrose influx rate in March and April compared with 15°C ( Figure 4E ).
Sucrose influx in the basal part At 15°C, the influx rate into the buds was nil in December (<0.08 µg h −1 g DW −1
) and very low in March (~5 µg h −1 g DW −1 ) ( Figure 4B ). It remained low in April. Fifteen days later, the influx strongly increased in the few basal buds that broke.
In xylem parenchyma cells, the sucrose influx did not change between December and March. The influx was lower than in the apical part (10 µg sucrose h −1 g DW −1
versus 40 µg sucrose h −1 g DW −1 ) ( Figure 4C and D) .
However, the influx increased in April and in May for stem parts with broken buds. Bark cells exhibited the lowest influx rate of the three tissues, and the dynamics were different from those in buds and xylem ( Figure 4E and F) . The influx of sucrose increased from 5 to 20 µg sucrose h −1 g DW −1 between April and
May for stem parts with broken buds. At 1°C, in April, the influx was smaller in the basal buds than in the apical buds.
In the xylem parenchyma cells, the sucrose influx rate was also reduced at 1°C compared with 15°C in March and in April. The fluxes became very low ( Figure 4D ).
In the bark cells, unlike the apical part, sucrose influx at 15°C in the basal part of the stem was lower than the sucrose influx at 1°C.
Glucose influx in the apical part At 15°C, in the buds, the glucose influx ( Figure 4A and B) was not detectable until April but then increased strongly between April and May (up to 770 µg glucose h −1 g DW −1 ). The glucose influx was always lower than the sucrose influx (in micrograms). At the bud break stage, the glucose influx was nearly half the sucrose influx.
In the xylem parenchyma cells, the glucose influx did not change between December and March (20 µg glucose h −1 g DW −1 ; Figure 4C ). In April, the glucose influx began to ) of sucrose (A and B), hexoses (C and D) and starch (E and F) in buds, xylem parenchyma and bark for apical (A, C, E) and basal fragment of the stem (B, D, F). Values are mean ± standard error for n = 3 independent stems. BB, bud break. increase significantly, reaching 100 µg glucose h −1 g DW −1 in
May.
In the bark cells, we observed a significant increase in glucose influx between March and May ( Figure 4E ). The glucose influx was smaller than the sucrose influx.
At 1°C, in the apical buds, the glucose influx was very low in March and increased up to 70 µg glucose h −1 g DW −1 in April ( Figure 4A ). In April, the glucose influx was significantly higher at 1°C than at 15°C (70 µg glucose h −1 g DW −1 versus 4 µg glucose h −1 g DW
−1
).
In xylem parenchyma cells in March, the glucose influx was equivalent at 1 and 15°C. In April, we observed a strong decrease in the glucose influx at 1°C contrasting with an increase of the influx at 15°C. Thus, the glucose influx was significantly lower at 1°C than at 15°C (3 versus 45 µg glucose h −1 g DW −1 ; Figure 4C ).
In bark cells ( Figure 4E ), the dynamics of glucose influx were similar to those observed for xylem (no significant effect of temperature in March, negative effect in April), but the values were lower than in xylem. Glucose influx in the basal part At 15°C, in the buds, the glucose influx ( Figure 4B ) was not detectable until April but then increased strongly between April and May for the few buds that broke (up to 590 µg glucose h −1 g DW −1 ). The glucose influx was always lower than the sucrose influx (in micrograms). At bud break stage, influx of sucrose was about double that of glucose. In the xylem parenchyma cells, the glucose influx did not change between December and March (5 µg glucose h −1 g DW −1 ; Figure 4D ). We observed, as in the apical part, a significant increase in April and May, but the values reached in May were three times lower than in the apical part.
In the bark cells ( Figure 4F ), influx of glucose stayed constant between March and April and then increased for the few buds that broke, but the increase observed in May was significant only at P = 0.08.
At 1°C, the glucose influx was very low in the basal buds, but the influx was also significantly higher at 1°C than at 15°C ( Figure 4B) .
In xylem parenchyma cells in March, the glucose influx was equivalent at 1 and 15°C. In April, we observed a decrease in the glucose influx at 1°C contrasting with an increase in the influx at 15°C. Thus, the glucose influx was significantly lower at 1°C than at 15°C (1 versus 17 µg glucose h −1 g DW −1 ; Figure 4D ).
In bark cells in March, the glucose influx was significantly higher at 1°C than at 15°C ( Figure 4F ).
Distribution among the different tissues (xylem, bark, bud)
For sucrose influx, the same dynamics appeared in the apical and basal parts of the stem ( Figure 5 ) at 15°C. In December, influx was higher in xylem tissues (60%) than in bark (40%), and nil in buds. From December to March, the proportion in the bud increased weakly at the expense of the bark (up to 5% for the buds), mainly in the apical part. In April, the situation changed markedly, and the buds received most of the sucrose provided to the xylem vessels; in May, this represented 90% of the total sucrose taken up. When basal buds break, the relative situation was the same as in the apical part of the stem.
The time course was the same for the glucose influx ( Figure 5 ), except that (i) the fluxes to the buds occurred later (they increased only in May), and (ii) the fluxes from vessels to bark were lower in the basal part of the stem (i.e., more glucose remained in the xylem). When bud break occurred in the basal part of the stem, the percentage differences between xylem tissues bark and buds for both sucrose and glucose fluxes were similar to those observed in the apical part.
At 1°C, the sucrose xylem influx in March was much lower than at 15°C, in favor of bark, which represented 70% of the global influx. However, the total influx remained In March, for glucose in the apical part of stem, the partitioning between xylem tissues and bark was not affected by temperature (80% for xylem tissues, 17% for bark), while glucose fluxes in buds were lower at 1°C than at 15°C but for a low total influx (30 µg glucose h −1 g DW −1 ). By contrast, in April, buds represented 90% of total influx at 1°C (against 8% at 15°C, for an equivalent total influx). At this temperature, bark was a stronger sink in the basal fragment than in the apical fragment (20% of the global influx against 6%).
Discussion
Carbohydrate contents
The main question in the first experiment was whether the local availability of carbohydrates could be limiting for bud break, especially in the basal part of the stem where buds did not break. Our results clearly show that sugar concentrations were very similar to the values found in the apical part of the stem. This suggests that sugar availability in buds or close to them was not limiting for bud break. However, at this stage, we do not know whether buds are able to use these carbohydrates. During winter, the dynamics of carbohydrates in the different tissues reflects the inter-conversion between starch and soluble sugars as described previously by Sauter (1980) , Lacointe et al. (1993) and Ameglio et al. (2001) . Just before bud break, the strong increase in hexoses in apical buds seems closely linked to the decrease in sucrose and starch. The sucrose decrease reveals high activity of the enzymes involved in sucrose catabolism. SuSy and/or invertases are considered in the literature as good markers of sink strength (Morris and Arthur 1984, Roitsch and Gonzalez 2004) . At the same time, in xylem, starch is synthesized. Such a differential behavior of carbohydrate reserves in different organs, with an increase in organs closest to main sinks while the main reserve organs are still undergoing mobilization, has already been observed at the whole plant level (Loescher et al. 1990 , Lacointe et al. 1993 ). More recently, it has been described at the within-stem tissue level (wood versus bark) in Hevea brasiliensis (Chatuma et al. 2009 ), where the bark sucrose pool, which was closest to the main sink, was interpreted as a ready-to-use intermediate compartment. In the apical part of the stem, the dynamics of sucrose and starch in buds were close to the dynamics observed previously in the bulk stem tissue (Lacointe et al. 1995 , Ameglio et al. 2000 . Concerning the sucrose dynamics in buds, the increase was observed only in February, after endodormancy release.
In the basal part of stem, starch remained constant, and the absence of starch resynthesis (on 08 and 21 April) and of hexose increase (on 27 April) compared with the apical buds indicate lower metabolic activity of these buds. This was pointed out by Brunel (2001) in apple buds.
Sucrose concentrations (which were similar in both bud locations) were not good markers of the actual flux rates of sugars in buds because apical buds grew and basal buds did not.
Another way to assess the carbohydrate availability would be to analyze the quantities in the buds. Unfortunately, the variability of bud size introduced a high heterogeneity in the values, whence the preferred choice of specific contents to express results. However, given their lower sizes, we can conclude that the carbohydrate quantities would be lower in basal buds. Conversely, the sugar availability in stems would be higher. The capacity of buds to mobilize sugars from stems could be a key factor.
Carbohydrate fluxes and bud growth
We have shown a close correlation between influx of sugars (mainly sucrose) and bud growth rates. From March on, the increase in flux was concomitant with the increase in DW measured in buds (Figure 2 ). We can therefore consider that the increase in DW was due to this influx of soluble sugars. When buds broke at the basal part of the stem, influx and dry matter also increased strongly and rapidly. Growth and fluxes are closely related, and since sugar availability does not appear to be limiting, it seems that fluxes are driven by bud demand.
Sucrose fluxes
In xylem tissues, the results obtained for the sucrose influx are consistent with those previously reported by Valentin et al. (2001) , Alves (2003) , Alves et al. (2007) and Decourteix et al. (2008) in walnut on longer stem sections (20 cm) without buds. Accordingly, we can conclude that there is an active proton-sucrose co-transport that is very sensitive to low temperature. The carrier has recently been isolated, co-localized with the plasma membrane H+-ATPase (JrAHA1) in xylem tissue (Decourteix et al. 2006 , Alves et al. 2007 . Its importance in winter stem biology (Decourteix et al. 2006 ) and in bud break (Decourteix et al. 2008 ) has been pointed out. This sucrose transporter (called JrSUT1 for Juglans regia sucrose transporter 1) was found to follow the bud break pattern, as it accumulated strongly in the apical part compared with the basal part, and we report here that the active part of the sucrose influx from vessels to parenchyma cells accounted for 90% of the total influx, indicating that it is practically the only pathway for sucrose influx from the xylem vessels.
In bark tissues, the decrease of influx at 1°C in the apical part is consistent with the presence of JrSUT1 in bark (Decourteix et al. 2006) . However, very little is known about bark tissue during winter. The increase of import between March and May (at the base) could be related to reactivation of reserve resynthesis and cambial growth recovery. If so, the cambium should be considered as a competitive sink prior to bud break, at variance with the common assumption that cambial growth recovery takes place after bud break when young leaves develop (Aloni 1987) in most species.
In buds of the apical part of stem, the sugar fluxes increased strongly and reached high values long after chilling requirements were met (cv Franquette is known to have its endodormancy released by January under the natural local conditions in Clermont-Ferrand; Mauget 1977) . At the base of the stem, most of the buds did not break, and influx was very low. However, this was not due to any structural incapacity for high fluxes in this part of the stem because for the rare buds that break, the measured influx rates were close to those in the apical part, and the distribution among bud, xylem and bark was the same as in the apical part of the stem (Figure 6, B) . Our data are in line with the values of sucrose uptake in leaf peach primordia given by Marquat et al. (1999) . In December, only apoplasmic diffusion of sucrose was detected. When sink strength was high in April, the active proportion of transport remained low (50% of the global uptake), probably due to the existence of alternative transport pathways: facilitated diffusion and symplasmic uptake from xylem parenchyma. The symplasmic assumption is supported by the fact that the recovery of symplasmic connections in cells around the meristem is associated with dormancy release (Rinne et al. 2001, Rinne and Van der Schoot 2003) and the temperature increase (Gamalei 1985 , Gamalei 1997 , Roberts and Oparka 2003 .
Glucose fluxes
In xylem tissues, the influx was insensitive to temperature until March, in agreement with Alves (2003) . This situation changed shortly before bud break. This is in line with the data of Decourteix et al. (2008) showing an increase in the hexose transporter (JrHT1: J. regia hexose transporter 1) expression during bud break following low levels (RNA and protein) during winter. Our results support glucose uptake turning to an active transport in April (the active proportion of transport was~90%, similar to sucrose transport).
In bark tissues, the glucose influx remained low. Even though the buds are the strongest sink for carbohydrates at bud break, the bark cells still have to import carbohydrates for their metabolism. The measured levels of import into bark cells could be related to this need. The increase of import between March and May in the basal part of the stem could be related to cambial growth recovery.
In buds, the strong increase in glucose import observed 10 days before bud break at 15°C reached a level corresponding to half that of sucrose influx expressed in micrograms, i.e., the same influx rate as sucrose influx expressed in moles. The hypothetical sugar transporter involved could be the specific hexose transporter as JrHT identified by Decourteix et al. (2008) in xylem tissues. However, we would expect a negative impact of the 1°C temperature on hexose uptake, which was not observed. Several hypotheses might explain these apparently conflicting findings:
(a) An increase in the uptake through the symplasmic pathway. However, this is not realistic as Gamalei et al. (1994) showed that at temperatures below 10°C, plasmodesmata should be closed. (b) An artifact of measurement caused by the incorporation at 15°C of radiolabeled molecules into structural compounds due to strong metabolic activity.
(c) More rapid diffusion of glucose to the buds by a direct apoplasmic pathway by-passing the symplasmic vesselassociated cell (VAC) step. The literature on this subject is very scant, but it is important to note that the buds have a different behavior from the other tissues. 
Competitions between tissues
At 15°C, the differences in influx rates observed between apical and basal buds seem related to phenological evolution. It is difficult to explain why a few basal buds broke but most did not. This trait is poorly documented in the research literature. We can assume marked heterogeneity between buds for water potential, hydraulic conductance to the bud (as shown by Lauri et al. 2008 in apple), nitrogen reserves and hormone level/sensitivity. Acrotonic bud break pattern seems to be correlated with auxin and shoot-derived cytokinin distribution pattern in apple (Cook et al. 2001 ), but it is not known whether this can be applied for buds of the same stem segment. Small differences may play an important role in the first stages of growth.
In rare basal buds that did break, the measured flux rates were close to those in apical buds. This confirms the previously stated hypothesis that actual growth of buds and the influx measured are closely correlated. At bud break, the sink strength of buds is so strong that it needs the import of most of the soluble sugars present in xylem vessels. Consequently, the influx into the bark seems to be strongly affected, consistent with the decrease in soluble sugar concentration observed in bark. The absence of bud break generally observed for basal buds could be due to early competition and the weak development of few vascular connections.
At 1°C in March, the active transport of sucrose in xylem is blocked, so that sucrose can diffuse to bark and buds. No such effect of temperature on the distribution was observed for glucose, consistent with glucose uptake not depending on active transport at this period. In April, the lower sensitivity to temperature of buds compared with neighboring tissues could allow a more regular nutrient uptake into the buds, regardless of temperature fluctuations in spring.
Concerning the levels of the influxes and considering that sugar influxes are representative of sink strength and cell activity or metabolism (Herbers and Sonnewald 1998) , our findings suggest that, in walnut stem and buds, the sink strength of the tissues in the apical part is higher from March (for xylem and bark) and from April (for buds).
Conclusions
We verified that sufficient carbon level (through sucrose, hexose and starch concentrations) was available in the differ-ent tissues (buds, xylem and bark) in apical and basal parts of the stem to support the growth leading to bud break. We also showed that close to bud break, buds were able to import high sugar quantities from the xylem vessels (around 2000 µg sucrose h −1 g DW −1
, i.e., 0.45µmol h −1 for one apical bud). The influx measured was strongly related to the phenological stages reached by the bud, i.e., related to actual growth without a strict effect of position (i.e., basal or apical). We also demonstrated that the influxes depended on the nature of the sugar and the tissue concerned. In xylem VACs and parenchyma cells, the active co-transport of sucrose was the main transport throughout the period of observation and was consequently very sensitive to low temperature. This was the case for glucose only after March, when the hexose transporter acted as described by Decourteix et al. (2008) . In buds, active co-transport represented only 50% of the influx in March and April. Consequently, the buds seem less sensitive to short low temperature periods than xylem (and perhaps cambium). Thus, the questions of the existence and proportion of symplasmic transport arise, but the influx into the buds seems to be the result of competition among the different tissues (xylem, bark and bud). The fact that, when some buds broke at the base of the branch, the measured influx was close to those measured on apical buds suggests that fluxes are driven by the sink strength of the buds as deduced by the sugar influx among xylem, bark and bud. The competitions between tissues should be strongly controlled by the temperature through the negative influence of low temperatures on sugar co-transporters involved in the different tissues at the different periods.
